ABSTRACT The objective of this study was to determine the requirements and interactions between the standardized ileal digestible (SID) Leu and Val levels in low-protein diets, and their effects on performance, serum characteristics, carcass yield and diameter of muscle fibers of broiler chickens from d 21 to 42 posthatch. A total of 1,500 21-day-old Cobb 500 male broiler chickens were distributed in a completely randomized design in a 5 × 5 factorial arrangement for a total of 25 treatments with 3 replicates of 20 birds each. Treatments consisted of 5 SID Leu levels (1.0, 1.2, 1.4, 1.6, or 1.8%) and 5 SID Val levels (0.52, 0.67, 0.82, 0.97, or 1.12%). At 42 d of age, there was interaction (P < 0.05) between the SID levels of Leu and Val on feed intake and weight gain. There was a quadratic effect (P < 0.05) of Leu and Val levels on feed conversion, with minimal point estimated at the levels of 1.19 and 0.86%, respectively. Dietary Leu supplementation reduced linearly (P < 0.05) serum concentrations of triglycerides and β-hydroxybutyrate. Dietary Leu increased (P ≤ 0.05) the fiber diameters of the pectoralis major muscle and breast yield at the levels of 1.24 and 1.13%, respectively, while the thigh yield was improved with the level of 0.71% Val. Abdominal fat decreased linearly (P < 0.05) with increasing levels of dietary Leu and Val. The SID Leu and Val levels needed to optimize weight gain and feed conversion in low-CP diets for broiler chickens from d 21 to 42 posthatch were estimated at 1.15 and 0.86%, and 1.19 and 0.86%, respectively. The supplementation of Leu and Val can reduce the abdominal fat deposition in birds fed low-CP diets during the grower phase. Leu and Val interactions can influence the performance but not the serum characteristics, carcass yield and diameter of muscle fibers of broilers fed low-protein diets. Therefore, it is necessary to consider the dietary Leu content to estimate the ideal level of Val in low-CP diets for optimum broiler performance.
INTRODUCTION
Leucine (Leu) and valine (Val) are considered essential amino acids (AA) necessary for maintenance and growth of tissues. They are included in the branchedchain AA (BCAA) group along with isoleucine (Ile). The 3 BCAA exhibit antagonistic interactions among each other when they are provided in excess (Harper et al., 1984) , but Leu presents the most significant effects.
High dietary content of Leu increases optimal levels of Val and Ile in the diet (D'Mello and Lewis, 1970) , be-C 2016 Poultry Science Association Inc. Received April 24, 2016. Accepted July 31, 2016. 1 Corresponding author: aemurakami@uem.br cause this AA stimulates the branched-chain α-ketoacid dehydrogenase (BCKD), a key enzyme complex involved in the oxidative deamination of 3 BCAA (Brosnan and Brosnan, 2006) . Thus, the elevated inclusion of Leu leads to increased oxidation of the other 2 BCAA, decreasing serum concentrations of these AA, especially Val, since the antagonistic effect of Leu is more potent on this AA than on Ile (D'Mello and Lewis, 1970; Allan and Baker, 1972) .
Diets in grower phase have an elevated energy-toprotein ratio, consequently, the proportion of corn in the diet is increased in order to meet the increasing demand of energy. Corn protein is disproportionately higher in Leu when compared to Ile and Val (Rostagno et al., 2011) . For this reason, the antagonistic effect among BCAA is possibly more significant for birds at this rearing phase. However, there is limited research on the requirements of Val and Leu and their interactions in broilers from d 21 to 42 posthatch.
In the final phase of the BCAA metabolism, these AA are oxidized by different metabolic pathways, thereby resulting in different final products. Leucine is ketogenic because is metabolized to acetyl-CoA and acetoacetate, while Val is glycogenic, since its carbon skeleton is converted into succinyl-CoA, an intermediate of the citric acid cycle (Brosnan and Brosnan, 2006) . Thus, Leu and Val supplementation may affect the levels of important components of blood, as serum concentrations of triglycerides, ketone bodies, uric acid, and glucose.
After embryonic development, the growth of muscle fibers occurs due to hypertrophy only. This increase in muscle fiber diameter is mainly due to a greater deposition of myofibrillar proteins (actin and myosin) (Ashmore et al., 1972) , which are proteins composed of approximately 18% BCAA (Baracos and Mackenzie, 2006) . As BCAA account for 35-40% of the dietary essential AA in body protein (Ferrando et al., 1995) and are important regulators of muscle protein synthesis (Yoshizawa, 2004) , supplementation with these AA may influence the diameter of muscle fibers in birds. Based on these statements, the objective of this study was to study the requirements and interactions between the standardized ileal digestible (SID) Leu and Val levels in low-protein diets, and their effects on performance, serum characteristics, carcass yield and diameter of muscle fibers of broiler chickens from d 21 to 42 posthatch.
MATERIAL AND METHODS

Experimental Facility and Bird Husbandry
The broiler chickens were raised under standard husbandry conditions, and all in vivo work was conducted under the supervision of the Institutional Animal Care and Use Committee and according to the experimental protocol involving live birds (Universidade Estadual de Maringá-CEUA/UEM-No. 107/2012).
A total of 1,500 day-old Cobb-Vantress R male broilers were obtained from a commercial hatchery after being vaccinated against Marek's disease and Newcastle disease and infectious bronchitis. All birds were raised in floor pens (2.0 × 1.0 m) with fresh wood shavings as litter and was equipped with one tube feeder and one nipple drinker (6 nipples/pen). The litter in pens was stirred and turned at frequent intervals. Temperature was maintained at 32
• C at placement and was gradually reduced to ensure comfort by using a thermostatically controlled heater, exhaust fans, and cool cells. Ventilation was accomplished by negative air pressure. The lighting program throughout the study consisted of 23 h of light and 1 h of dark. Feed and water were available to the birds ad libitum.
Experimental Design and Diets
A common corn and soybean meal based diet was fed up to 20 d of age and formulated to satisfy all nutrient recommendations (Rostagno et al., 2011) . Birds were assigned one of 25 dietary treatments (3 replications/treatment; n = 75) from d 21 to 42 of age with varying concentrations of SID Leu and Val. A factorial arrangement of treatments consisted of 5 SID Leu levels (1.0, 1.2, 1.4, 1.6, or 1.8%) and 5 SID Val levels (0.52, 0.67, 0.82, 0.97, or 1.12%).
The basal diet with reduced protein content was formulated according to the nutritional recommendations for male broiler chickens, as proposed by Rostagno et al. (2011) , except for the SID Leu and Val levels ( Table 1) . The other experimental diets were obtained by supplementing the basal diet with L-Leu and L-Val as replacements for the inert filler, kaolin. AA analyses (method 994.12) and crude protein (CP) composition (method 968.06) were performed for all ingredients (corn, soybean meal, meat and bone meal, and wheat bran) before feed formulation and on representative samples of experimental diets, according to AOAC (2006) (Table 2) . SID AA values for all ingredients were calculated by using digestibility coefficients (Rostagno et al., 2011) and analyzed total AA composition.
Measurements
Growth was measured for the period d 21 to 42 posthatch. Broilers and feed were weighed as a pen at 21, 28, 35, and 42 d of age for performance evaluation (feed intake, weight gain and feed conversion). Broiler mortality was recorded daily to correct the feed conversion per pen.
At 42 d of age, blood samples (2 mL/bird) were collected from the jugular vein of 2 birds per replicate pen. The birds were selected based on the average weight (±5%) of replicate pen to represent the sample. The samples were kept on ice and centrifuged at 3,000 × g for 10 min at 4
• C. The serum collected was pooled by replicate pen and then stored at -80
• C until used for analysis. The frozen serum samples were thawed at 4
• C, and serum concentrations of triglycerides, uric acid, glucose, albumin, and total protein were measured using commercial reagent kits (Gold Analisa Ltda, Belo Horizonte, Minas Gerais, Brazil) according to procedures described by Tietz (1986) . Serum β-hydroxybutyrate (ketone body) was analyzed by colorimetric assay kit (EnzyChrom TM , BioAssay Systems, Hayward, CA) as described by Siegel et al. (1977) . After, one bird was slaughtered and a tissue block of the pectoralis major muscle was cross-sectioned perpendicular to the direction of the myofibers, frozen in n-hexane at −70
• C cooled in liquid nitrogen and stored at −80 • C. Next, the samples were transferred to cryostat chamber (Leica CM1850, Leica Microsystems GmbH, Wetzlar, 1 The vitamin and mineral premix contained per kg of diet: vitamin A (retinyl acetate), 1,148 IU; vitamin D3 (cholecalciferol), 225 IU; vitamin E (dl-α-tocopheryl acetate), 3,100 IU; vitamin K3 (menadione dimethylpyrimidinol), 1.5 mg; vitamin B1 (thiamin mononitrate), 1.6 mg; vitamin B12 (cyanocobalamin), 16.7 μg; riboflavin, 5.3 mg; niacin (niacinamide), 36 mg; calcium pantothenate, 13 mg; folic acid, 0.8 mg; d-biotin, 0.1 mg; choline chloride, 270; BHT (butylated hydroxytoluene), 5.8; Fe (iron sulfate monohydrate), 50 mg; Cu (copper sulfate pentahydrate), 12 mg; I (calcium iodate), 0.9 mg; Zn (zinc oxide), 50 mg; Mn (manganous oxide), 60 mg; Se (sodium selenite), 0.2 mg; Co (cobalt sulfate), 0.2 mg.
2 Supplemental L-Leu and L-Val were added to the test diets at the expense of the inert filler (kaolin) to derive dietary treatments.
Germany) at -23
• C, where they remained for 40 min for thermal adaptation. A total of 5 tissue sections of 10 μm were prepared with the cryostat microtome and stained with hematoxylin and eosin. A total of 10 images on each of 5 tissue sections were captured using a light microscope (Olympus BX 40, Artisan Scientific Corporation, Champaign, IL) at 10× magnification, and the images were measured using a computerized image analyzer (Image-ProPlus 4.1, Media Cybernetics, Silver Spring, MD). All fibers in the 10 images were measured using the smallest fiber diameter measurement method (Dubowitz and Brooke, 1973) .
After fasting for 6 h before slaughter, one bird was selected by weight according to the replicate pen mean, and slaughtered by electrical stunning and exsanguinations. After bleeding for 2 min, birds were scalded in water at 60
• C for 45 s, and then defeathered. The eviscerated carcass, abdominal fat, breast and thigh with skin and bone were weighed. Eviscerated carcass percentage was calculated as a percentage of live weight. The weight percentages of breast, thing, and abdominal fat were calculated as a percentage of eviscerated carcass weight.
Statistical Analysis
Pen means were used as the experimental unit for all analyses. All data were analyzed using the GLM procedure of SAS software (SAS Institute, 2009 ). The linear and quadratic terms for the independent variables, and the interaction among these variables were evaluated. The terms which were not significant (P > 0.05) were eliminated in the final model and then the likelihood ratio test was used to test significance between the full model and the reduced model. A second-order polynomial equation was generated, as described by Box et al. (1987) :
where Y is the response variable, x i represents the input variables (SID Leu and Val levels), β 0 is the constant term, β i is the coefficients of the linear parameters, β ii is the coefficients of the quadratic parameter, β ij is the coefficients of the interaction parameters, and ε is the residual error. The stationary point (minimum or maximum point) of a second order equation was calculated by taking the first derivative of the quadratic equation and equalized to zero, as:
The system of equations was solved to find the values of X 1 and X 2 . When significant, the interactions were assessed using the SID Val levels within the SID Leu levels (Val/Leu levels) and were compared using a regression analysis, since Leu can stimulate the catabolism of Val (D'Mello and Lewis, 1970). Subsequently, 3-dimensional response surface graphs with corresponding contour lines were generated using the StatSoft Software (2008). Recommended Leu and Val needs were established by estimating 95% of the minimum or maximum responses. Statistical significance was established at P < 0.05.
RESULTS AND DISCUSSION
At 42 d of age, there was an interaction (P < 0.01) between the linear term of Leu and quadratic term of Val (Leu * Val 2 ) on feed intake ( because it was considered as relevant to explain the results obtained for feed intake according to likelihood ratio test. Dietary Leu levels decreased linearly (P < 0.05) this variable, while Val levels resulted in different quadratic effects (P < 0.05) for each studied level of Leu (Leu * Val 2 interaction). These effects can be observed in the contour lines of the 3-dimensional graph (Figure 1) , where there is an optimal range of Val levels to maximize feed intake which is determined by the dietary levels of Leu. The contour lines showed that the predicted inflection was at a saddle point, so the estimated surface does not have a unique optimum (Atencio et al., 2005) . There were quadratic effects of SID Val levels on feed intake within the SID Leu levels of 1.0, 1.2, 1.4, 1.6, and 1.8% with optimization points at the estimated levels of 0.89; 0.89; 0.90; 0.90 and 0.92% SID Val, respectively (Table 4) . These estimated levels indicate that Val requirement for feed intake increases linearly with the increase in Leu level of low-CP diets (Val requirement = 0.8486 + 0.037 * Leu; R 2 = 0.82) since excess Leu can stimulate the catabolism of Val.
Dietary Leu supplementation increases the formation of α-ketoisocaproate (KIC), an α-keto acid of Leu that is formed from the first reaction of the catabolism of this AA, in a process catalyzed by the branchedchain AA aminotransferase enzyme (BCAAT) (Brosnan and Brosnan, 2006) . KIC inhibits branched-chain α-ketoacid kinase dehydrogenase (BCKD kinase), thus allowing increase in BCKD complex activity by dephosphorylation of E1α subunit by BCKD phosphatase (Harris et al., 2005) . BCKD is a key enzyme complex involved in the degradation of the 3 BCAA (Brosnan and Brosnan, 2006 ). Therefore, high Leu level can stimulate the catabolism of Val by increasing the intracellular concentration of KIC and promoting indirectly the activation of BCKD complex.
The α-ketoisovalerate (KIV) and α-keto-β-methylvalerate (KMV), α-keto acids of Val and Ile, respectively, also inhibit BCKD kinase, but with lower efficacy than the KIC (Brosnan and Brosnan, 2006 (Figure 2) , representing a Val-to-Leu ratio of 0.75. There were quadratic effects of SID Val levels on weight gain within the Leu levels of 1.0; 1.2; 1.4; 1.6 and 1.8% with optimization points at the estimated levels of 0.90; 0.85; 0.88; 0.88 and 0.89% SID Val, respectively. These estimated levels did not follow a particular trend, hence it is not possible to confirm that Val requirement increases with the increase in dietary levels of Leu for weight gain, unlike in feed intake.
There was no interaction (P > 0.05) between the SID levels of Leu and Val on feed conversion; but, this variable showed a quadratic effect (P < 0.05) according to the SID levels of Leu (FC = 2.3812 − 0.8676 * Leu + 0.3473 * Leu 2 ; R 2 = 0.79) and Val (FC = 3.454 − 3.736 * Val + 2.07 * Val 2 ; R 2 = 0.96) with a minimum point at the estimated levels of 1.19 and 0.86%, respectively, representing a Val-to-Leu ratio of 0.72. Similar Val-to-Leu ratio were estimated from the nutritional recommendations of NRC (1994) and Rostagno et al. (2011) , with values of 0.75 and 0.72, respectively. Lower ratios of Val-to-Leu, 0.63 and 0.59, were estimated based on the results obtained by Berres et al. (2011) and Tavernari et al. (2013) for broilers in grower phase.
Only a few studies addressed Leu requirement for broilers at the rearing phase of 21 to 42 d. The NRC (1994) recommends total Leu levels of 1.09% for broilers in the 21 to 42 d of age just based on Lys requirement for this period (21 to 42 d) and on the Leu-to-Lys ratio at the phase of 1 to 21 d, due to the lack of experimental data. Despite being a practical method, this method used by the NRC (1994) does not take into account the possible interactions between Leu and the other BCAA, a factor that may influence the requirements of these AA.
Although there are several studies that have determined the Val needs for broilers in the grower phase, there are also some discrepancies in their estimates. Mack et al. (1999) recommended Val levels of 0.76% for poultry in grower period, which is smaller than the value estimated in this current study. Corzo et al. (2007) (2013) determined Val SID levels of 0.81 and 0.80%, respectively, for birds during the grower phase. These studies suggested that the Val requirement has increased over the years. This is due mainly to the rapid growth rate of modern broiler due to the continued genetic selection, which increased the metabolic needs of nutrients in poultry, mainly AA, reinforcing the need for constant updates on the nutritional requirements for broiler chickens.
No interactions were obtained (P > 0.05) between the SID levels of Leu and Val on serum triglycerides, β-hydroxybutyrate (ketone body), uric acid, albumin, total protein or glucose (Table 5) . Leucine is a ketogenic AA; but, the increased dietary levels of Leu reduced linearly (P < 0.05) serum concentrations of triglycerides (TG = 61.245 -6.6133 * Leu; R 2 = 0.92) and β-hydroxybutyrate (β-OHB = 11.171 -1.696 * Leu; R 2 = 0.70). Leucine is the most effective nutrient to activate mechanistic Target of Rapamycin (mTOR) (Kimball and Jefferson, 2006) , a serine/threonine kinase complex that regulates feed intake and energy balance (Richards and Proszkowiec-Weglarz, 2007) . The activation of the hypothalamic mTOR increases the expression of pro-opiomelanocortin (POMC) in the arcuate nucleus of the hypothalamus (Cota et al., 2006; Richards and Proszkowiec-Weglarz, 2007) , which increases energy expenditure and reduces feed intake by activating melanocortin receptors (Cone, 2006) . Moreover, Leu supplementation may have reduced the blood levels of triglycerides in birds, possibly due to activation of hypothalamic POMC neurons by mTOR pathway, reducing feed intake, and therefore, the energy storage of the bird. Excess nitrogen is excreted in the form of uric acid in birds; however, the concentrations of this organic compound was not affected (P > 0.05) by the high levels of SID Leu. On the other hand, SID Val levels (P < 0.05) increased the serum concentrations of uric acid (SUA = -0.715 + 13.325 * Val -7.534 * Val 2 ; R 2 = 0.86) in the estimated level of 0.84%. This level was close to the estimated Val value required to optimize growth and feed conversion (0.86%). Ammonia is metabolized by conversion to uric acid; hence, enhancing the formation uric acid might be an effective factor in decreasing ammonia level (Namroud et al., 2008) . Therefore, Val supplementation may have increased serum concentrations of uric acid by decreasing possible toxic levels of ammonia, thereby leading to an improved broiler performance.
-----------P-value-----------
Some studies suggested that BCAA influence the glucose metabolism (Zhang et al., 2007; Higuchi et al., 2011) ; however, serum glucose concentrations were not affected (P > 0.05) by SID levels of Val and Leu. Similarly, serum albumin and total protein were not affected (P > 0.05).
No interactions were observed (P > 0.05) between the levels of Leu and Val on carcass and parts yields, or abdominal fat content (Table 6 ). There was a quadratic effect (P ≤ 0.05) of the SID levels of Leu and Val on breast yield (Breast = 30.417 + 15.685 * Leu -6.768 * Leu 2 ; R 2 = 0.97) and thigh (Thigh = 22.72 + 22.406 * Val -15.016 * Val 2 ; R 2 = 0.91), respectively. Dietary Leu supplementation increased the breast yield at the estimated level of 1.10%, while Val optimized thigh yield at the estimated level of 0.71%. This result demonstrates that the SID levels of Leu and Val required to improve the breast and thigh yields seem to be smaller than those required for optimal performance. Previous studies also reported that the AA requirement was lower to increase the parts yield than to maximize the broiler performance (Mack et al., 1999; Corzo et al., 2007) .
Abdominal fat decreased linearly (P < 0.05) with increasing levels of SID Val (AF = 5.059 -1.513 * Val; R 2 = 0.89) and SID Leu (AF = 4.747 -0.665 * Leu; R 2 = 0.94). Dietary Leu may have reduced the fat content by decreasing triglyceride levels in the blood and possibly adipose tissue. However, Val did not affect the serum concentrations of triglycerides or β-hydroxybutyrate, which suggests that this AA may act differently than Leu in the lipids metabolism. The role of Val in the control of fatty acid synthesis was described in a previous study (Taylor and Halperin, 1975) . Thus, Val supplementation may have reduced the abdominal fat by decreasing fatty acid synthesis, but without stimulating the degradation of lipids.
There was no interaction (P > 0.05) between the levels of Leu and Val on the fiber diameters of pectoralis major muscle. It was observed a quadratic effect (P < 0.05) of Leu levels on fiber diameters of the pectoralis major muscle at 42 d (FD = 24.128 + 36.38 * Leu -13.929 * Leu 2 ; R 2 = 0.71), with the largest diameter estimated at the level of 1.24% Leu. However, SID Val levels did not influence (P > 0.05) the muscle fiber diameters of the breast (white fibers). This result can be correlated to those obtained for parts yield, since Leu supplementation influenced (P < 0.05) breast yield, whereas Val had no effect (P > 0.05) on this variable. Possibly, Val levels can have greater influence on the diameter of the red muscle fibers (Potença et al., 2015) , resulting in positive effects on thigh yield because the proportion of this type of fibers is higher in the leg muscles than in other muscle tissues (Barnard et al., 1982) . Positive results from Val supplementation in thigh yield were also described by Corzo et al. (2008) and Potença et al. (2015) . After an extensive literature review, it is noteworthy that there are few estimates based on BCAA requirements for broilers from 21 to 42 d posthatch, especially, with regard to Leu. In the current study, broiler performance was improved with the level of SID Leu up to 1.19%. In addition, this value was greater than the level recommended in the literature, which suggests that it is necessary to redefine the requirement of this AA, since it may be underestimated in low-protein diets.
Dietary Leu levels above 1.19% in low-protein diets had an antagonistic effect on Val, impairing the broiler performance. Feed intake was the most affected variable by Leu and Val interaction. Dietary Val supplementation increased feed intake, which partially reduced the negative effect of Leu on this variable, increasing its requirement. Therefore, the study of Val and Leu requirements at the same time is of fundamental importance for the establishment of appropriate levels of these AA in the diet, especially in low-protein diets. Although low-CP diets have shown to increase the fat content in poultry carcass, Val and Leu supplementation can improve the carcass quality by reducing fat deposition, thereby increasing the deposition of lean tissue.
In conclusion, SID Leu and Val requirements needed to optimize weight gain and feed conversion in low-CP diets for broiler chickens from d 21 to 42 posthatch were estimated at 1.15 and 0.86%, and 1.19 and 0.86%, representing a Val-to-Leu ratio of 0.75 and 0.72, respectively. The supplementation of Leu and Val can improve lipid metabolism, reducing the increased abdominal fat deposition in birds fed low-CP diets during the grower phase. Leu and Val interactions can influence the performance but not the serum characteristics, carcass yield and diameter of muscle fibers of broilers fed low-protein diets. Therefore, it is necessary to consider the dietary Leu content to estimate the ideal level of Val in low-CP diets for optimum broiler performance.
